Chromonic liquid crystals (CLCs) are comprised of orientationally and sometimes positionally ordered anisotropic assemblies of plank-shape dye molecules in aqueous solutions. Unlike the better-known lyotropic liquid crystals, there is no micelle formation in CLCs even though molecular assemblies form as a consequence of their hydrophobic aromatic flat core and ionic groups at the outer edges of the molecules. Dye molecules undergo π -π stacking to form assemblies, the size and density of which depend on concentration, temperature, and the pH value of the solution. These assemblies then develop order and form the nematic (N) and columnar or middle (M) liquid crystal (LC) phases. Chromonic solutions have traditionally been used in pharmaceuticals [1, 2] , food coloring [3] , coatable polarizers, and optical compensators [4] suitable for flexible optical and electronic applications [5] . In recent years, researchers have explored several new applications [6] , for example, organic field effect transistors, optical switches, reprographics, solar energy collectors, and detection [7] of biological and chemical agents.
Ever since Cox et al. [1] reported that hydrated disodium cromoglycate (DSCG) forms columnar assemblies and exhibits the birefringent N and M liquid crystal phases, this system has been of continued interest [8, 9] to scientists. X-ray diffraction studies [9] of this system concluded that the N phase is comprised of orientationally ordered assemblies [ Fig. 1(a) ], which were hexagonally packed in the M phase. Lydon [10] later proposed the molecular assembly in this system to be (chimneylike) hollow-square columns in which four molecules were linked by electrostatic salt bridges [ Fig. 1(b) ].
Although Lydon retracted [11] the hollow-square model in 1984, it was later reported to be consistent with the nuclear magnetic resonance and x-ray results of Goldfarb et al. [12] . Interestingly, evidence of a similar hollow brickwork * Corresponding author: skumar@kent.edu (chimney) structure was later reported [13] [14] [15] for a different chromonic dye. Several other dyes, such as C. I. Direct Blue 67 [15] , Sunset Yellow FCF [16] , or Violet 20 [17] also form assemblies in water. Reviews by Lydon [18] and Collings [19] provide details of chromonic systems.
Recently, Wu et al. [20] proposed a very different model based on small-angle neutron scattering results. They proposed "threadlike" assemblies [ Fig. 1(c) ] of molecules connected by salt bridges stacked on top of aromatic groups. The threads are believed to then self-organize to form the N and M phases.
In order to determine which of the three models best describes the DSCG system and to gain deeper understanding of the mesophase formation, aqueous solutions of DSCG at three concentrations (15, 20 , and 25 wt %) were selected to access the N and M phases in different parts of the schematic phase diagram [9, 19] , Fig. 2(a) . Their structures were investigated using synchrotron x-ray radiation as a function of temperature. DSCG was purchased from Spectrum Chemical with the commercial name cromolyn sodium in powder form and also used in a previous study [21] . Although the manufacturer specified its purity at 98%, no trace of impurity could be seen in thin layer chromatography. Aqueous solutions of DSCG were prepared without further purification using de-ionized water (HPLC grade), mixed in sealed vials, and allowed to equilibrate for 24 h. The nature of the phases and transition temperatures were determined by filling the solutions in microscope slides, sealing with epoxy to prevent water evaporation, and placing them inside a Mettler FP90 hot stage for temperature control with a temperature stability of ±0.1°C. Optical textures of mesophases were examined under a polarizing microscope (Olympus BX51) both upon heating and cooling. It should be noted that the phase diagrams reported in the literature vary significantly due to different levels of purity from one batch of DSCG to another.
For x-ray diffraction, DSCG solutions were filled in 1.5-mm-diameter quartz capillaries in the isotropic phase, flame sealed, and placed inside an INSTEC (model HS450, T ± 0.1°C) oven with a pair of built-in permanent rare-earth magnets to orient the director. The permanent magnets produced a field of approximately 2.5 kG at the sample. Experiments were performed several (5) days after capillary preparation at sector X6B of the National Synchrotron Light Source using a wavelength of λ = 1.03258Å and a Princeton Instruments two-dimensional detector SCX:4300/1-165. The sample to detector distance was 255 mm. The data were corrected for background scattering from an empty capillary, calibrated against a silver behenate standard, and analyzed using the software FIT2D [22] . All x-ray measurements were made on cooling from the isotropic phase with 10 min of equilibration at each temperature. Experimental details of measurements performed at beamline ID02 of the European Synchrotron Radiation Facility (ESRF) are described in Refs. [23, 24] . During these measurements, the sample temperature was changed continuously but slowly (1.0°C/min). Three regions of the sample at different heights in the capillary were probed to confirm that concentration gradients did not develop over time. The results from different synchrotron experiments performed about 10 months apart on some of the same samples were reproducible, confirming their chemical and thermodynamic stability.
Optical observations reveal characteristic textures of the N and M phases, and biphasic regions [8, 19] The diffraction pattern of the N phase of the 15 wt % sample at 27.7°C consists of five peaks and is shown in Fig. 3(a) . appears in the horizontal direction parallel to the magnetic field H. The columns are oriented perpendicular to the applied field. The mutually orthogonal orientation of the d 1 and d 5 = 3.4 A peaks establishes that the assemblies consist of molecules that stack on top of one another resembling a deck of cards, depicted in Fig. 1(a) , where the nematic director n lies parallel to the long axis of the assemblies. Three weak intermediate peaks at d 2 = 14.3Å, d 3 = 9.4Å, and d 4 = 5.6Å are also present [ Fig. 3(a) ]. These peaks are diffuse and independent of temperature, concentration, and the LC phase. They likely arise from the molecular structure of DSCG. Based on their orientation, low intensity, and relative sharpness, we believe that the peak d 2 arises from an adsorbed ordered film of DSCG on the capillary walls. The length 14.3Å corresponds to the largest dimension of the chromone moiety (i.e., half of the molecule) confined in a plane parallel to the magnetic field. The d 3 peaks are also along H and appear to correspond to the average width of DSCG molecules inside the assemblies. The diffuse d 4 reflections, oriented at ß15°on either side of n, arise from the flexible [-O-C-OH-C-O-] segments linking the two flat chromone moieties which are not coplanar and are shifted along the assembly axis, thus orienting the linkage segments at ± 15°. It should be noted, however, that the position and the width of the small-angle peak and the width of the 3.4Å peak depend on temperature and concentration. Full width at half maximum (FWHM) of these peaks allows us to calculate the average number of dye molecules (i.e., the degree of assembly) in a column and the extent over which the hexagonal order in the M phase persists.
In the biphasic region at T = 42.1°C, the coexistence of the M and I phases is evident from the simultaneous presence of the sharp and diffuse rings shown in Fig. 3(b) and the accompanying intensity vs q plot. For example, the peak r 1 at 32.8Å is comprised of a broad and a condensed peak (also shown in Fig. 4 ) corresponding to the I and M phases, respectively. Additional peaks, r 2 and r 3 , at 18.9 and 16.4Å, bear the ratios of √ 3 and 2 with respect to the first peak, indicating hexagonal packing of the assemblies in the M phase. In this region, a sum of two Lorentzians is used to obtain a good fit to the composite peak as shown in Fig. 4 confirming the presence of I and M phases below the isotropic phase.
Temperature dependence of d and the positional order correlation length, ξ ⊥ , transverse to the director calculated from the FWHM of the primary peak of the 15 wt % sample, are plotted in Fig. 5 . In the N phase, the lateral distance between the stacks decreases from ß45Å at 27°C to ß35Å at 40°C before the system enters the M+I region. It should be pointed out that the N and I peaks appear at the same position and have comparable widths. At higher N temperatures, it becomes difficult to determine if the measured small-angle peak arises from a single phase or a mixture of the N and I phases. The last three points (open squares) shown in the N phase are in the I +N region identified on the basis of optical textures. Above ß41°C, the value of d calculated from the M peak further decreases to ß30Å. The FWHM of the lowest-and the largest-q peaks are used to calculate the distances over which the inter-and intracolumn positional order correlations extend. The correlation lengths perpendicular (ξ ⊥ ) and parallel (ξ || ) to the stacking direction are defined as 2π divided by the corresponding FWHM. In the N phase, ξ ⊥ (ß100Å) extends roughly over three columns. In the M+I region, ξ ⊥ increases to 750-800Å (ß27 columns) in the regions of the M phase and becomes <100Å in the I phase regions. The optically inferred phase sequence for the 15 wt % [Figs. 2(b)-2(d) ] sample, i.e., I →(M+I )→(N+I )→N is consistent with x-ray results.
Similar results were obtained for the 20 wt % sample, except for an additional biphasic N +M region which appears on cooling. The XRD pattern, Fig. 6(a) , at 44.8°C shows slightly oriented 39.0Å and 3.4Å peaks in the N phase. The length scale of 22.7Å calculated from the second reflection (indicated by the red arrow) corresponds to √ 3 × d for the primary peak, consistent with a hexagonal structure of the M phase. A sum of two Lorentzians was needed to fit the composite small-angle peak as depicted in Fig. 6(b) . The correlation length calculated from the broad N peak is <100Å (ßthree columns) while the sharp M phase peak yields a correlation length of ß600 A (ß18 columns). The temperature dependences of d and ξ ⊥ are shown in Fig. 7(a) . On cooling, the observed phase sequence I →(I +M)→(N +M)→N is consistent with the phase diagram in Fig. 2(a) except that the pure M phase was not obtained even at room temperature.
The behavior of the 25 wt % sample is similar to the 20 wt % sample as evident from the temperature dependence of d and ξ ⊥ in Fig. 7(b) . The N phase appears at lower temperatures instead of the M phase. This is a significant but not surprising deviation from the schematic phase diagram in Fig. 2(a) . This suggests that for our samples, the N region extends to higher concentrations than shown in Fig. 2(a) , most likely due to different sample purity and concentration as mentioned above. The 25 wt % sample was very viscous which made capillary filling very difficult. The salient point from x-ray data is the appearance of the M+I above the N +M phase. This finding suggests the need for a careful reexamination of the phase diagram of the DSCG-water system, which is beyond the scope of this work. Since the transitions between the three phases of this system are first order, the observed phase boundaries depend on the direction and the rate of change of temperature as well as the experimental technique used. The optical texture observations are performed in a much shorter time than x-ray measurements leading to different transition temperatures.
In the M phase, the diameter d s of the columnar stacks is estimated assuming that the right-circular unimolecular cylindrical DSCG columns are completely separate from water using [25] 
where d p = 2d 1 / √ 3 is the distance between the assemblies, and ϕ is the volume fraction [8, 26] of DSCG. A value of ρ = 1.55 × 10 3 kg/m 3 for the density of pure DSCG was used to find the volume fraction [26] . The value of d s varies from 16 to 19Å, in agreement with both its previous estimate [8] of 16Å and of the column area [27] of 2.4 nm 2 . This rules out the chimneylike structure with its much larger dimensions as already retracted by Lydon [10] .
Finally, the line shape of the 3.4Å peak is analyzed to calculate ξ || over which the DSCG molecules within a column are positionally correlated in the direction of its long axis. The temperature dependence of ξ || and d for all concentrations is shown in Fig. 8 . In the N phase, the average length of assemblies is ß80Å, or 23 molecules. In the N +M or I +M biphasic regions, they become shorter and ξ || decreases to 40Å, i.e., ß12 molecules.
If the assemblies were threadlike [20] , then the DSCG threads will be oriented parallel to the magnetic field due to the diamagnetic anisotropy of the DSCG molecules. The plane of the aromatic parts of the molecule will have orientational degeneracy with respect to the field direction. Consequently, (i) the first peak, corresponding to the length [16Å, Fig. 1(a) ] of the molecules, would appear at small angles parallel to the magnetic field; (ii) this peak would be concentration independent and relatively sharp as the positional correlations (ξ ⊥ ) would extend over the entire length of the thread; (iii) the second peak corresponding to the width of the molecule (ß11Å) would be observed in the direction perpendicular to the field; (iv) the d corresponding to the second peak would be concentration and temperature dependent; (v) it would be relatively broad due to the lack of positional correlations; and (vi) the 3.4Å peak perpendicular to the magnetic field would be concentration independent and relatively broad as the positional correlations (ξ || ) transverse to the threads would be short range and extend to only two to three molecules according to the model. Clearly, the experimental results reported here contradict these expectations and strongly suggest that this model is an unlikely candidate for the DSCG assembly structure.
Temperature dependence of the interassembly distance d for all mixtures clearly shows [ Fig. 8(b) ] that the assemblies are farther apart in the N phase than in the regions of the M phase. The separation between assemblies in the N phase decreases as the number of stacks increases with increasing concentration. The plot in Fig. 8 further shows that, for the three concentrations above ß40°C, d corresponding to the sharp M phase peak in the biphasic region becomes independent of the concentration and is <34Å irrespective of the initial concentration. In this region, the values of d calculated from the N and I peaks also are of approximately equal value. This is possible only if the samples undergo phase separation (spinodal decomposition) into the DSCG-rich and water-rich regions, with each region exhibiting a different phase. This process allows for regions of the M phase to appear even in low-concentration samples above the N phase as has been previously reported [13] based on optical textures. As the temperature increases above ß51°C, these coexisting phases coalesce into a single I phase [ Fig. 8 ]. In the I phase region, the values of d are comparable to the N phase but the correlation lengths become smaller and comparable to the thickness of the DSCG molecule, i.e., the assemblies are very short.
Assuming the temperature dependence of assembly length to be Arrhenius [17, 28] , ξ = ξ 0 exp(
), where k B is the Boltzmann's constant and ξ 0 is the bare correlation length, the scission or activation energy E (i.e., energy required to remove one molecule from the assembly) can be estimated from the slope of the linear fit [ Fig. 9] . A value of E = 6.8 ± 0.8 k B T for DSCG has been previously reported [27] , but for concentrations more than an order of magnitude lower than used in this study. The scission energy in the N phase is clearly concentration dependent and listed in the inset of Fig. 9 . This is in contradiction to the assumption [29, 30] that the aggregation process in DSCG is isodesmic. That assumption was based on experiments done at concentrations far below those investigated here.
To summarize, the results reported here make a compelling case that DSCG molecular assemblies are interacting singlemolecule assemblies of stacked molecules. The distance between the assemblies and the assembly length are generally temperature and concentration dependent. These data are also inconsistent with the threadlike assembly suggested by Wu et al. [20] . There is no direct or indirect evidence supporting the chimneylike model. The counterintuitive presence of the regions of the M phase above the N phase and the coexistence of the M and I phases in all samples are found to occur via spinodal decomposition into water-rich and DSCG-rich regions.
